The halotolerant alga Dunaliellu bardawil (Ben-.c\motz & Avron, 198 1, 1983 ; Ben-Amotz, 1986) possesses the unique ability to accumulate a very high content of p-carotene. The amount of p-carotene in D. bardawil can be manipulated by appropriate growth conditions to vary from about 3 g/kg as commonly found in other green algae and plants, to over 100 g/kg. Furthermore, the fact that this alga lacks an indigestible cellulotic cell wall, in contrast to other green algae and higher plants, has made it a favourite organism for study as a health food rich in p-carotene and as a source of natural food colouring (Klausner, 1986) .
In a recent paper (Ben-Amotz et al. 1986 ), we reported that dry D. bardawil rich in p-carotene successfully replaced synthetic retinol in a chick diet.
This alga and the closely related species 13. salina Teod. have been grown on a commercial scale in outdoor ponds for the last few years for the production of natural p-carotene and an algal meal rich in p-carotene (Ben-Amotz & Avron, 1983) .
The p-carotene found in D. bardawil (Ben-Amotz et al. 1982) and in many fruits and vegetables contains about 50 % all-trans p-carotene with the rest composed mostly of 9 4 s /I-carotene and minor amounts of a few other ,&carotene isomers. All-trans p-carotene is classically considered to have a higher retinol biopotency than the 9-cis isomer (Deuel et al. 1944) . The question of the biopotency of 9-cis p-carotene was repeatedly raised in the last decade, but attempts to resolve the issue were hampered by the lack of a readily available source of this isomer. D. bardawil provides an excellent source of natural In the present paper we report that feeding D . bardawil rich in /3-carotene to rats supplies retinol, 9-cis retinol, p-carotene and 9-cis /?-carotene to their livers.
MATERIALS A N D M E T H O D S
Alga D . bardawil was grown in outdoor culture under natural illumination as previously described (Ben-Amotz et al. 1982) . Alga was collected by centrifugation and dried by lyophilization. The dried alga contained (g/kg) about 50 /I-carotene and an ash content of 300, mostly sodium chloride.
Provatene" Provatene is a commercial maize-oil extract of Dunaliella containing about 15 g /?-carotenelkg (Microbio Resources Inc., San Diego, CA, USA).
Animals and diets
Male weanling rats of the Charles River CD strain were fed ad lib. on a retinol-deficient diet containing 100 g protein (derived from vitamin-free casein)/kg. The diet was designed according to the Association of Official Analytical Chemists ( 1 984) but was lacking retinol. At the end of a period of 60 d, the retinol content of the livers of the depleted rats was 4-5 pg. These rats were divided into groups of six, housed in individual cages and fed on the retinol-deficient diet supplemented with: treatment 1, retinol at 7.5 mg/kg diet; treatments 2-4, all-trans p-carotene at 12, 29 or 48 mg/kg diet; treatments 5-7, /3-carotene contributed by lyophilized D . bardawil at 29, 58 or 112 mg P-carotenelkg diet; treatment 8 , Provatene providing 16 mg P-carotenelkg diet; treatment 9, no supplementation.
Assays
At the end of a 7 d feeding period, the rats were killed, and their livers removed, weighed, and stored at -18". Retinol in the livers were extracted according to Ames et al. (1954) and determined spectrophotometrically with trifluoroacetic acid by the method of Dugan et al. (1964) . Retinol recovery in the livers was calculated according to Sweeny & Marsh (1974) .
High-performance liquid chromatography (HPLC) Extraction. Samples of D . bardawil were centrifuged shortly before the analysis and the algal pellet was extracted with acetone. Pigments were transferred to light petroleum (b.p. 40-60") with a small amount of water, and after phase separation the upper phase containing the pigments was evaporated to dryness under nitrogen. The dry material was redissolved in a small amount of methylene chloride and the pigments determined by HPLC. The time period of pigment extraction and purification from fresh alga was not more than 15 min. Synthetic /?-carotene was dissolved in methylene chloride before chromatography.
Retinol and p-carotene in the liver were extracted as described by ,!l-Carotene-rich alga as a source of retinol Villard & Bates, 1986) , and the other was dissolved in a small volume of methylene chloride for determination of p-carotene and other carotenoids by HPLC.
Columns and solvents. Two different columns were used for the HPLC analysis. For total pigment and p-carotene isomer analysis, we used a stainless-steel column of 250 mm x 4.6 mm i.d. packed with C18 reversed-phase material of 5 pm particle size (Vydac 201 TP54, The Separation Group, P.O. Box 867, Hesperia, CA, USA). The elution on the Vydac column was performed with an isocratic solvent of methanol-acetonitrile (9 : 1, v/v) at 1 ml/min. This column was found to provide excellent separation of all-trans and 9-cis pcarotene as well as the liver-extracted retinyl esters (retinyl palmitate, retinyl stereate, etc). The Vydac column had to be washed every few days with methanol-acetonitrile-methylene chloride (8: 1 : 1, by vol.).
For retinol and retinol isomer analysis, a stainless-steel column of 150 mm x 4.6 mm i.d. was used packed with C18 reversed-phase material of 5 p m particle size (Novapak Waters). The elution of retinol and its 9-cis isomer was conducted with an isocratic solvent, methanol-water (9 : 1, v/v), at 1 ml/min.
HPLC equipment. HPLC of the pigments, retinol and retinyl esters was performed with a Waters HPLC system equipped with a Waters 510 pump, 501 pump and Waters U6K All-trans retinol (synthetic) was obtained from Sigma Chemical Co., St Louis, MO, USA and all-trans p-carotene and 9-cis (synthetic) were obtained from Hoffmann La Roche, Basel, Switzerland.
The statistical significance of all treatments was determined by t tests.
R E S U L T S
Analysis of the diets by HPLC The dry powder of the alga D. bardawil, which was used in the dietary experiments, contained about 50 g P-carotenelkg in addition to the other common higher plant pigments. Analysis of the algal pigments by HPLC showed that the /?-carotene was composed of (mg/g) approximately 450 9-cis p-carotene and 550 all-trans isomer. Synthetic p-carotene consisted mostly of all-trans p-carotene antl contained no 9-cis isomer (Fig. 1) . The algal-oil extract (Provatene) contained about 15 g /3-carotenelkg with a similar 9-cis :alltrans value to that in the algae (not shown).
Dietary studies
The utilization of D. bardawil /?-carotene, synthetic p-carotene and a standard diet containing retinol was evaluated in rats by measurement of the retinol biopotency. The spectrophotometric assay of liver retinol (Fig. 2) , including retinol isomers and retinyl esters, showed the presence of retinol in all rats except for the retinol-deficient rats. The percentage conversion of p-carotene to retinol was similar in all the treatments, except for the highest dietary p-carotene level (Table 1) . Analysis of the liver extract by HPLC The liver extracts were analysed by HPLC for retinol and p-carotene (Table 2 ). All extracts, except those of the retinol-deficient rats, contained all-trans retinol. The liver extract of rats fed on a diet supplemented with D . bardawil (or Provatene, not shown) contained, in addition to the all-trans retinol, about 400 g 9-cis retinol/kg (Fig. 3) . A similar analysis of the liver extracts for p-carotene and its isomers (Fig. 4) showed that both all-trans /3-carotene and the 9-cis isomer were present in the liver of rats fed on D . bardawil (or Provatene, not shown), while the liver extracts of rats fed on synthetic p-carotene contained essentially only all-trans $-carotene. Peak no. 4, which was not identified, was present in all groups while the unidentified peak no. 1 was present only in the alga-fed rats. salina Teod. in a study of /?-carotene conversion in humans. Their study had to be restricted to serum analysis of normally fed subjects. Our study on rats (see also Deuel et al. 1944; Sweeny & Marsh, 1974) allowed a detailed study of the liver content of /?-carotene, retinol and their isomers. It is clear that the rat liver accumulated both p-carotene and its 9 4 s isomer in the same ratio as that present in the diet, and that the liver retinal comprised significant amounts of retinyl esters, retinol and 9 4 s retinol (Pangala & Lacroix, 1986) . Our results do not support the earlier conclusion of Thompson et al. (1949) that the rat absorbs little carotene beyond the intestinal mucosa, but are in agreement with a more recent study which showed that the rat plasma /?-carotene level increases with supplementation (Shapiro et al. 1984) .
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The bioconversion of the p-carotene of D . bardawil into retinol and retinyl esters in the liver of rats was similar to that of synthetic /?-carotene, about 6%. With higher supplementation of D. bardawil to the rat diet, the percentage conversion to retinol was significantly lower. This is in agreement with previous observations which showed that when p-carotene is fed at high levels, the relative efficiency of conversion to retinol and its tissue storage are reduced (Bauernfeind et al. 1981) . The effect of the high supplementation with D . bardawil or synthetic p-carotene was idso apparent in the colouration of the liver.
